We demonstrate the extensive study on how film density and crystallinity of molybdenum carbide (M oC x ) can be tailored during plasma-enhanced ALD (PEALD) by controlling either the plasma exposure time or the ion energy. We investigated M oC x films grown using M o( t BuN ) 2 (N M e 2 ) 2 as the precursor and H 2 /Ar plasma as the co-reactant at temperatures between 150 • C and 300 • C.
H 2 /N 2 ratios used. A predominantly molybdenum carbide material with nitrogen impurities was produced with pure H 2 plasma at 150 • C, which showed the lowest (170 µΩ − cm) resistivity. Here, we present the first extensive study on how film density and crystallinity of M oC x can be tailored independently during plasma-enhanced ALD (PEALD) by controlling either the plasma exposure time or the ion energy [13] [14] [15] . We investigated M oC x films grown using ( t BuN ) 2 (N M e 2 ) 2 M o as the precursor and H 2 /Ar plasma as the co-reactant at temperatures between 150 • C and 300 • C. Additionally, we present the effects of enhancing the impinging ion energy on the physical and chemical properties of M oC x thin films, controlled via RF biasing of the substrate table during the plasma step of the PEALD.
We discover a threshold for graphitic layer formation at high mean ion energies during the PEALD cycle. While plasma assisted graphene fabrication has attracted significant interest due to the low temperature synthesis [16] , to the best of our knowledge this is the first report of nano graphitic layers formation at low temperature using PEALD.
II. EXPERIMENTAL METHODS
M oC x thin films have been deposited by plasma enhanced atomic layer deposition (PEALD) at various temperatures and plasma conditions. In this part the deposition process is explained and the analysis techniques described.
A. Film depositions
Plasma enhanced atomic layer deposition was performed on 100 mm Si (100) wafers coated with 450 nm of thermally grown SiO 2 . The depositions were performed in an Oxford instruments FlexAL2 ALD reactor, which is equipped with an inductively coupled remote RF plasma (ICP) source (13.56 MHz) with alumina dielectric tube. The reactor was pumped down to a base pressure of 1 · 10 −6 T orr with a turbomolecular pump. The samples were loaded and unloaded from a low pressure loadlock chamber, allowing for a cooldown after deposition in vacuum conditions. The reactor's deposition table was set to temperatures between 150 • C and 300 • C, and the wall temperature to 150 • C.
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One ALD cycle consists of subsequently a precursor dose step, a purge step, a plasma exposure step and again a purge step. The (M o( t BuN ) 2 (N M e 2 ) 2 precursor (98%, Strem Chemicals) was stored in a stainless steel container, which was kept at 50 • C. The precursor container was bubbled by an argon flow of 50 sccm during the precursor dose step, while flowing argon at the same rate from the ICP chamber to avoid deposition in the ICP tube.
The total pressure in the reactor during the 6 seconds long precursor injection was set to 200 mTorr. During the plasma exposure step, the ICP RF power was set to 100W. H 2 /Ar with 4:1 ratio and total flow rate of 50 sccm was fed from the top ICP tube and the plasma was ignited for the desired exposure time, typically 20 to 80 seconds. Automatic pressure control (APC) valves were fully opened during plasma exposure to reduce the pressure to 7 mTorr.
Purge steps (4 to 5 seconds) were set after precursor and plasma half cycles to evacuate residual precursor gas, reaction byproducts and plasma species with 100 sccm argon flow and open APC valves, at pressure 25 mTorr. Sheet resistance values of the M oC x films deposited on 450 nm SiO 2 /Si were determined using a Keithley 2400 SourceMeter and a Signatron probe. Film thickness was evaluated using ex-situ UV-SE, to calculate the electrical resistivity at room temperature.
B. Film analyses
The film composition was analysed by X-ray photoelectron spectroscopy (XPS) with a Thermo Scientific KA1066 spectrometer, using monochromatic Al Kα x-rays with an energy of 1486.6 eV. The films have been sputtered with Ar+ ion gun prior to scans, in order to remove surface oxide and adventitious carbon. A continuous electron flood gun was employed during measurements to compensate for charging. XPS studies have been performed to evaluate the film composition as function of plasma conditions. Three main components were evaluated by their corresponding peaks, namely molybdenum by the mo3d peak, oxygen by the O1s peak and carbon by the C1s peak. The ratio between each peak area Preprint Preprint to the sum of all peaks area gave the partial atomic percentage of the element. The precursor molecule used for deposition contains 4 nitrogen atoms bonded to the molybdenum atom, therefore nitrogen is expected to be found in the film. However, due to overlapping N1s and Mo3p peaks, deconvolution of the N1s peak is not reliable for low N1s peak intensity. figure 2 ). The significant increase in GPC at 300 • C has been explained elsewhere [11] as precursor decomposition. However, we see no evidence to that effect, as the precursor Preprint Preprint Preprint saturation curve confirms no increase in GPC after 6 seconds dosing. Furthermore, film thickness as measured across a wafer with ex-situ SE, show high uniformity typical for ALD.
Additionally, previous work in our group using the same precursor for M oO x deposition showed no decomposition at the same table temperature [12] .The characterisation of the M oC x properties with varying temperature provides an insight to observed rise in GPC. Generally, the films deposited at 300 • C show higher peak intensities and narrower peak widths than films at 250 • C which are mostly amorphous. Hence, more crystalline material is present with larger crystal grains at higher temperature, whose effect on crystallinity is more significant than plasma exposure time.
B. Biased Substrate effects on ALD Films
The total energy dose to the deposition substrate can be alternatively altered by increasing the ion energy. By applying radio-frequency (RF) bias voltage to the substrate we can control the energy of ions impinging on the surface. An RF bias with time average voltage (V bias ) between -100V to -200V was applied to study the effects on the film properties.
For these experiments we use 20 seconds of total plasma time, for a comparison with the saturated non biased plasma time. The plasma during biased ALD is comprised of 10s non biased followed by 10s biased plasma.
The mean energy of the ion energy is calculated from the following equation:
Where V plasma is the ion energy for 0V bias, measured to be 25eV for 100W plasma power at 7mTorr pressure, and V surf ace is the time averaged bias voltage. Thus for an applied time averaged V b ias ( < V bias >) of -100V, the total mean ion energy is 125 eV. All bias experiments performed were done at 300 • C, as the largest fluctuation in film density and content occurs at this temperature. Figure 5 shows the effect of applied bias on the GPC. When . The dominant peak is the (111) plane, as the (200) plane peak almost completely suppressed. The peak intensity increased by 2 orders of magnitude upon applying −100V bias , and peak FWHM decreased by half (0V bias = 1.03 • 2θ and −100V bias = 0.49 • 2θ). Crystallite size has been calculated by fitting the (111) and analysing the peak broadening using Scherrer equation:
The XRD data points to a highly crystalline material with crystallite size doubling in comparison for non biased deposition. Crystallite size for 20s pl without bias is calculated to be 9.0 nm while extending the plasma time yields a crystallite size of 7.6 nm, however this slight decrease could be attributed to increased strain in the denser film with 80s pl. When −100V bias bias is applied, crystallite doubles in size to 19.4 nm. As can be seen in figure 8 , the plan view high angle annular dark-field (HAADF) TEM images support these findings.
The size of the visible structured material is significantly increased and voids previously seen for non biased deposition not detectable with −100V bias .
C. Graphitisation during PEALD
With increased V bias , further physical alterations and formation of graphitic nano layers are revealed in the M oC x film. With < −135V bias > applied, the (111) lattice peak of the cubic δ − M oC 0.75 is diminished, and new diffraction peak appears corresponding to crystalline graphite. The emerging peak at 44.5 2θ • match the (101) graphite lattice plane and is the dominating peak intensity, indicating strong graphitization with higher ion energies (E ion = 155eV ). The observed emerging phase is consistent with increasing ion energy further (−187V bias , E ion = 212eV ), however the (101) peak intensity is somewhat diminished in comparison to the previous bias step at −130V bias . The GPC drops continuesly with increasing V bias , from 0.22Å for -100V to 0.15Å and 0.14Å for -135V and -187V respectively.
While C/Mo ratio dropped with the application of −100V bias from 0.92 for non biased ALD to 0.79, this ratio has stagnated for higher applied V bias , and the C/Mo ratio remained at ∼0.80. and 146 µΩ − cm respectively. The GPC ratio was decreased from 0.22Å for -100V to 0.16Å for -135V < V bias >. As shown above, the C/Mo reduced upon application of bias voltage from 0.92 to ∼ 0.8, which reflected in higher mass density. The produced denser and more metallic film translated to better electrical conductivity. Increasing the bias voltage to -187V gives a slight rise in resistivity to 156 µΩ − cm and further decrease in GPC to 0.15Å. At -210V < V bias > a significant increase to 200 µΩ − cm is shown with 0.14Å GPC.
IV. CONCLUSIONS
We presented here the ability to tailor M oC x film by controlling the ion energy and the total energy dose during PEALD. Additionally, we discover graphitic layer formation 
